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One of the main goals of the Deep Underground Neutrino Experiment (DUNE) is to look for
new sources of CP-invariance violation. Another is to significantly test the three-massive-neutrinos
paradigm. Here, we show that there are CP-invariant new physics scenarios which, as far as
DUNE data are concerned, cannot be distinguished from the three-massive-neutrinos paradigm
with very large CP-invariance violating effects. We discuss examples with non-standard neutrino
interactions and with a fourth neutrino mass eigenstate. We briefly discuss how ambiguities can
be resolved by combining DUNE data with data from other long-baseline experiments, including
Hyper-Kamiokande.
PACS numbers: 13.15.+g, 14.60.Pq, 14.60.St
I. INTRODUCTION
Neutrino oscillations have been measured with remarkable precision and nearly all data collected agree with the three-
massive-neutrinos paradigm, where the Standard Model Lagrangian is augmented to include nonzero neutrino masses,
but no new accessible states or interactions are present. The next generation of oscillation experiments plans to precisely
study the phenomenon of neutrino oscillations and test, nontrivially, the current paradigm. Among the highest priorities
is the search for leptonic CP-invariance violation. The most comprehensive and ambitious next-generation projects are
the Deep Underground Neutrino Experiment (DUNE) [1–3] and the Hyper-Kamokande experiment (HyperK) [4–6].
In the three-neutrino paradigm, there is only one source of leptonic CP-invariance violation that is accessible to oscilla-
tion experiments: the Dirac CP-odd phase δ in the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) leptonic mixing matrix.
The current long-baseline oscillation experiments, Tokai to Kamiokande (T2K) [7] and the NuMI [Neutrinos at the Main
Injector] Off-Axis νe Appearance Experiment (NOνA) [8] have begun to detect hints for a non-zero value of δ when their
data [9–11] are combined with results from the reactor experiments Double CHOOZ [12], Daya Bay [13], and RENO [14].
More or less up-to-date combinations of the current neutrino data can be found in [15–18]. If there is additional new
physics in the lepton sector, however, new sources of CP-invariance violation are also expected to be present. Whether
next-generation experiments are sensitive to these new sources is the subject of intense phenomenological research, and
depends on the nature of the new phenomenon.
Here, we concentrate on a rather contrasting question. We investigate whether the presence of new CP-conserving
physics may result in experiments measuring the value of δ 6= 0, pi incorrectly, and hence concluding that leptons violate
CP-invariance. Specifically, we concentrate on data consistent with what might be observed by the DUNE experiment,
and consider the cases of non-standard neutrino neutral-current interactions (NSI) and a four-neutrino hypothesis. Both
of these topics have been widely explored in the literature. NSI were first proposed as a solution to the solar neutrino
problem [19], and they have been explored in depth for their effects on oscillations involving solar neutrinos [20–25],
atmospheric neutrinos [26–38], and accelerator neutrinos [39–56]. A fourth neutrino has been proposed as a solution to
the short-baseline anomalies [57–61] and its impact on oscillations has been studied both for short-baseline [62–66] and
long-baseline [64, 65, 67–79] experiments.
In general, both the NSI and four-neutrino scenarios accommodate additional sources of CP-invariance violation. Some
NSI parameters are complex and mediate CP-invariance violating neutrino–matter interactions, while the addition of a
fourth neutrino requires extending the PMNS matrix to an additional eigenstate; this opens up new sources of CP-
invariance violation in the mixing matrix. Recent work has focused on parameter degeneracies in neutrino oscillations at
long baselines (see, e.g., Refs. [51, 52, 55, 56, 80]), particularly those involving NSI. Our current contribution differs from
the existing literature by focusing on CP-conserving new neutrino physics that may be misinterpreted as CP-violating.
This manuscript is organized as follows. In Sec. II, we discuss, very briefly, the formalism of neutrino oscillations in
the three-neutrino paradigm, in the presence of NSI, and in a four-neutrino scenario. In Sec. III, we introduce the DUNE
experiment and the simulation we perform. In Sec. IV, we explore the circumstances for fake CP-invariance violation,
and in Sec. V, we discuss, semi-qualitatively, how data from other oscillation experiments may aide in determining the
true hypothesis, and offer concluding remarks.
II. OSCILLATIONS, NON-STANDARD INTERACTIONS, AND FOUR-NEUTRINO SCENARIOS
We direct the reader to Refs. [48, 49] and [81] for more comprehensive discussions of non-standard neutrino interactions
(NSI) and four-neutrino scenarios in the context of long baseline neutrino experiments, respectively. Here, we briefly
introduce the three-neutrino oscillation formalism, and in Secs. II A and II B, we introduce the notation used for NSI and
four-neutrino scenarios.
Within the three-neutrino paradigm, flavor oscillations are parameterized by two linearly independent mass-squared
differences ∆m2ij ≡ m2j −m2i ; i, j = 1, 2, 3, where mi are the neutrino mass eigenvalues, and the four parameters that
define the PMNS matrix: the three mixing angles θ12, θ13, and θ23, and the CP-odd phase δ. Throughout, we use the
Particle Data Group definition of the three-neutrino mixing parameters [18]. Except for δ, all these parameters have
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2been measured with good precision [18]; we discuss their values in more detail later. The probability for a neutrino flavor
eigenstate |να〉 to propagate a distance L and be detected as a flavor eigenstate |νβ〉 (α, β = e, µ, τ) is denoted as
Pαβ ≡ |Aαβ |2, where
Aαβ = 〈νβ |Ue−iHijLU† |να〉 , (II.1)
U is the PMNS matrix (a function of the angles θij and δ), and Hij is the propagation Hamiltonian in the basis of
the neutrino mass eigenstates. In the ultra relativistic approximation, and in the absence of interactions between the
propagating neutrinos and the matter along the path of propagation, the Hamiltonian is diagonal and can be written
as Hij = 1/(2Eν) diag
{
0,∆m212,∆m
2
13
}
. Interactions with electrons, protons, and neutrons introduce an effective
background potential, diagonal in the flavor eigenbasis, and
Hij → Hij + U†iαVαβUβj , (II.2)
where Vαβ is the background potential. We can absorb the (diagonal) interactions with protons and neutrons, as well as
the neutral-current interactions with the background electrons, as an overall phase in the amplitude, and all that remains
is Vαβ = A diag {1, 0, 0}, where A =
√
2GFne, and GF and ne are the Fermi constant and number density of electrons
along the path of propagation, respectively. In the Earth’s crust A ' 10−4 eV2/GeV, a small parameter when compared
to |∆m213|/Eν for Eν ∼ 1 GeV. When considering oscillations involving antineutrinos, A → −A and U → U∗. Even
for δ = 0 or pi, when the weak interactions are CP-invariant in the lepton-sector, matter effects generically introduce an
asymmetry between CP-conjugated oscillation probabilities, e.g., Pµe 6= Pµ¯e¯ in matter.
A. Non-Standard Neutrino Interactions
We assume that the following effective Lagrangian mediates non-standard neutrino interactions with ordinary matter:
LNSI = −2
√
2GF (ν¯αγρνβ)
(
ff˜Lαβ f¯Lγ
ρf˜L + 
ff˜R
αβ f¯Rγ
ρf˜R
)
+ h.c., (II.3)
where ff˜sαβ characterize the strength, relative to the weak interactions, of the interaction between neutrinos of flavor α and
β with fermions fs and f˜s of chirality s. As in Refs. [25, 30–33, 35, 39, 48, 82, 83], we make the following assumptions. First,
f = f˜ – we only consider diagonal, neutral-current couplings to the charged fermions, and f = e, u, d, as we are concerned
with neutrinos propagating through the Earth. Second, we only consider effects on neutrino propagation, and ignore
contributions of NSI to the production or detection of neutrinos. We define αβ ≡
∑
f 
f
αβnf/ne, where 
f
αβ ≡ ffLαβ +ffRαβ ,
and nf is the number density of fermion f . For propagation through the Earth, we assume nu = nd = 3ne. Under these
assumptions, NSI effects amount to a modification of the matter background potential:
Vαβ −→ A
 1 + ee eµ eτ∗eµ µµ µτ
∗eτ 
∗
µτ ττ
 . (II.4)
The NSI parameters αβ are complex for α 6= β, and each of these three parameters is described by a magnitude and a
CP-odd phase φαβ : αβ ≡ |αβ |eiφαβ .
All current experimental data are consistent with αβ = 0, and the following “neutrino-only” bounds at 90% confidence
level (CL)  |ee| < 4.2 |eµ| < 0.33 |eτ | < 3.0|µµ| < 0.07 |µτ | < 0.33
|ττ | < 21
 (II.5)
can be found in Ref. [82]. The bounds above are mostly independent of the complex phases φαβ .
As explored, for example, in Ref. [48, 49], the Deep Underground Neutrino Experiment is fertile ground for exploring
NSI, and future DUNE data, if consistent with the three-neutrino paradigm, would in general improve bounds on the NSI
parameters by an order of magnitude compared to those in Eq. (II.5). One final remark: neutrino oscillation experiments
are not sensitive to all three diagonal NSI parameters, as any term proportional to the identity can be absorbed as an
overall phase when calculating Aαβ . With this in mind, and taking advantage of the relatively strong bounds on µµ, we
operationally set µµ to zero. In practice, the distinction between an upper bound for |αα − µµ| and |αα| for α = e, τ
is not significant.
B. Four-Neutrino Scenario
A fourth neutrino mass eigenstate would, in general, also have a nonzero probability of being detected as an active
neutrino να. One can accommodate this possibility with the introduction of new mass-squared differences ∆m
2
i4 ≡ m24−m2i
(i = 1, 2, 3) and the extension of the U(3) PMNS matrix into a U(4) matrix. Here, we restrict our discussion to m4 > m1
so ∆m214 > 0, however we make no such claim relating m2 and m3 to m4. We require U to be a unitary matrix, which
3can be parameterized, as far as oscillations are concerned, by six mixing angles and three phases. To reduce confusion
between the three- and four-neutrino scenarios, we refer to these mixing angles as φij ; i < j; i, j = 1, 2, 3, 4, and to the
phases as η1, η2, and η3. In the limit that φi4 → 0, the three-neutrino mixing angles θ12,13,23 are equivalent to φ12,13,23
and the phase η1 can be identified with the three-neutrino phase δ. Concretely, we choose the relevant matrix elements
to be
Ue2 = s12c13c14, (II.6)
Ue3 = s13c14e
−iη1 , (II.7)
Ue4 = s14e
−iη2 , (II.8)
Uµ2 = c24
(
c12c23 − eiη1s12s13s23
)− ei(η2−η3)s12c13s14s24, (II.9)
Uµ3 = s23c13c24 − ei(η2−η3−η1)s13s14s24, (II.10)
Uµ4 = s24c14e
−iη3 , (II.11)
Uτ2 = c34
(−c12s23 − eiη1s12s13c23)− eiη2c13s12c24s14s34 − eiη3 (c12c23 − eiη1s12s13s23) s24s34, (II.12)
Uτ3 = c13c23c34 − ei(η2−η1)s13c24s14s34 − eiη3s23c13s24s34, (II.13)
Uτ4 = c14c24s34, (II.14)
where sij ≡ sinφij and cij ≡ cosφij . This is identical to the parameterization in Ref. [81]. In practice, we will only be
interested in Pµµ and Pµe (plus the CP-conjugated channels). These oscillation probabilities are only sensitive to two of
the three CP-odd phases.
In four-neutrino scenarios, the propagation Hamiltonian must be modified in two ways. First, the neutrino Hilbert
space is four-dimensional, and the “kinetic-energy” term becomes
Hij −→ 1
2Eν
diag
{
0,∆m212,∆m
2
13,∆m
2
14
}
, (II.15)
to account for the new mass eigenstate. Second, the enlarged matter potential can be written as
Vαβ −→ A

1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 nn2ne
 , (II.16)
where nn is the number density of neutrons. Throughout, as is customary, we assume nn = ne. This last point is related
to the assumption – which we make throughout – that the fourth neutrino weak-eigenstate is sterile, i.e. it does not
couple to the W -boson or the Z-boson.
III. THE DEEP UNDERGROUND NEUTRINO EXPERIMENT
The Deep Underground Neutrino Experiment (DUNE) is a proposed next-generation neutrino oscillation experiment
with a conventional muon neutrino beam (or antineutrino beam) generated at Fermilab that propagates 1300 km to a
liquid argon time-projection chamber in South Dakota. We consider that DUNE consists of a 34 kiloton detector and 1.2
MW proton beam, consistent with the proposal in Ref. [1]. The neutrinos range in energy between 0.5 and 20 GeV with
a peak around 3.0 GeV. We consider six years of data collection: three years each with the neutrino and antineutrino
beams. We consider that the sign of ∆m213, i.e. the mass hierarchy, will be determined prior to DUNE collecting data,
and restrict our analysis to the normal hierarchy, ∆m213 > 0.
With the expected fluxes reported in Ref. [1] and neutrino-nucleon scattering cross-sections from Ref. [84], we calculate
expected event yields for (anti)neutrino appearance – using (Pµ¯e¯)Pµe – and (anti)neutrino disappearance – using (Pµ¯µ¯)Pµµ
– assuming a set of input parameters. Oscillation probabilities are computed numerically using the Hamiltonians described
in Section II. Fig. 1 depicts the oscillation probabilities for a three-neutrino scenario, an NSI scenario, and a four-neutrino
scenario. The oscillation parameters are listed in the figure caption. In addition to expected signal yields for these four
channels, we calculate background contributions, considering four possibilities: neutral-current interactions with muon
neutrinos (νµ NC), charged-current interactions from unoscillated electron-type neutrinos (νe → νe beam CC), and
charged-current interactions from muon-type (νµ → νµ CC) or tau-type (νµ → ντ CC) neutrinos. Estimated rates for
these backgrounds are taken from Ref. [1].∗ Fig. 2 depicts the expected yields for all four channels under the same three
hypotheses as those discussed in Fig. 1, including backgrounds.
In agreement with Ref. [1], we consider energy reconstruction efficiencies of σ [GeV] = 15%/
√
Eν [GeV] for electrons
and taus and σ [GeV] = 20%/
√
Eν [GeV] for muons. For both appearance and disappearance channels, we divide up
the event yields into bins of 0.25 GeV width between 0.5 and 8.0 GeV, leading to 30 independent bins. We also include
∗ Updated background efficiencies are given in Ref. [3], and these updated efficiencies project lower backgrounds at DUNE, so the results we
present should be viewed as conservative.
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FIG. 1: Oscillation probabilities for a three-neutrino scenario (black, “3ν”), an NSI scenario (purple, “NSI”), and a four-neutrino
scenario (green, “4ν”) for a baseline of 1300 km. Parameters used are sin2 θ12 = 0.304, sin
2 θ13 = 0.0219, sin
2 θ23 = 0.514,
∆m212 = 7.53 × 10−5 eV2, ∆m213 = 2.53 × 10−3 eV2, and δ = 0. The NSI scenario additionally includes ee = 2 and eτ = 0.4eipi,
while in the four-neutrino scenario we set φij = θij above, for ij = 12, 13, 23, in addition to sin
2 φ14 = sin
2 φ24 = 0.02 and
∆m214 = 10
−2 eV2.
signal and background normalization uncertainties of 1% and 5%, respectively.
By generating yields for the four channels assuming a particular hypothesis ~ϑ0, we can calculate a chi-squared function
†
analyzing the simulated data assuming any hypothesis ~ϑ:
χ2 =
∑
channels
∑
i∈bins
(
(N
(s)
i (
~ϑ0) +N
(b)
i (
~ϑ0))− (αµ(s)i (~ϑ) + βµ(b)i (~ϑ))
)2
2
(
µ
(s)
i (
~ϑ) + µ
(b)
i (
~ϑ)
) + (α− 1)2
2σ2α
+
(β − 1)2
2σ2β
, (III.17)
where N
(s)
i (
~ϑ0) and N
(b)
i (
~ϑ0) are the expected signal and background event yields in bin i, respectively, assuming a
physical hypothesis ~ϑ0, µ
(s)
i (
~ϑ) and µ
(b)
i (
~ϑ) are the expected signal and background event yields assuming test hypothesis
~ϑ, and α and β are signal and background nuisance parameters with uncertainties σα and σβ , respectively. Additionally,
we include Gaussian priors on the values of |Ue2|2 and ∆m212, which are best constrained by solar neutrino experiments
and KamLAND. For the Gaussian widths, we use the values listed in the Particle Data Book [18]. We use the Markov
Chain Monte Carlo program emcee to calculate posterior likelihood distributions for the parameters of the fit hypothesis
~ϑ [85]. See, for example, Refs. [48, 81, 86] for more detail on this type of analysis utilizing emcee.
IV. RESULTS
We are interested in exploring whether there are CP-conserving new physics scenarios that, if interpreted in terms of
the three-neutrino-paradigm, would lead one to conclude, erroneously, that CP-invariance is violated in the lepton sector.
Concretely, we simulate data assuming a particular new physics hypothesis – NSI in Section IV A and a four-neutrino
scenario in Section IV B – and analyze them assuming the three-neutrino paradigm. We find that, for certain choices of
new physics parameters, one obtains a very good fit to the wrong hypothesis while the measured best-fit value of the
CP-odd parameter is consistent with maximal (i.e. δ = ±pi/2). Furthermore, the extracted values of all of the other
three-neutrino parameters are consistent with their current measurements [18] indicating that more information will be
† Here we assume Gaussian statistics in each bin. We find this to be a good approximation since the minimum count we expect in a bin is
roughly 10 (see Fig. 2).
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FIG. 2: Expected event yields at DUNE assuming a 34 kiloton detector, 1.2 MW proton beam, and three years of data collection.
The top row displays yields for appearance channels Pµe (left) and Pµ¯e¯ (right), and the bottom row displays yields for disappearance
channels Pµµ (left) and Pµ¯µ¯ (right). Three-neutrino yields are shown in black with error bars denoting statistical uncertainties,
with parameters sin2 θ12 = 0.304, sin
2 θ13 = 0.0219, sin
2 θ23 = 0.514, ∆m
2
12 = 7.53 × 10−5 eV2, ∆m213 = 2.53 × 10−3 eV2, and
δ = 0. Yields assuming NSI exist are shown in the dashed purple lines with the same parameters as above, along with ee = 2
and eτ = 0.4e
ipi. Yields assuming a four-neutrino scenario are shown in dashed green lines with sin2 φij = sin
2 θij from the
three-neutrino oscillation parameters for ij = 12, 13, 23, the same values of ∆m212 and ∆m
2
13 as above, η1 = η2 = η3 = 0,
sin2 φ14 = sin
2 φ24 = 0.02, and ∆m
2
14 = 10
−2 eV2. The parameters used here are identical to those used in Fig. 1. Backgrounds
are shown under each curve and are explained in the text.
required in order to differentiate some forms of CP-conserving new physics from a CP-invariance violating version of the
three-neutrino paradigm.
A. CP-Conserving NSI
Parameter sin2 θ12 sin
2 θ13 sin
2 θ23 ∆m
2
12 [eV
2] ∆m213 [eV
2] δ ee eµ eτ µµ µτ ττ
Value 0.304 2.19× 10−2 0.514 7.53× 10−5 2.50× 10−3 0 0.730 0 0 0 0 0
TABLE I: Input parameters for the NSI model discussed in detail in Section IV A.
Table I defines a CP-conserving NSI model (note δ = 0), where only ee is nonzero. We simulate data, as discussed in
Section III, consistent with this model, and perform a fit to these simulated data assuming the three-neutrino paradigm.
6We obtain a very good fit; χ2min/ dof ' 120/114.‡ Fig. 3 depicts the measured values of sin2 θ13 and δ in the sin2 θ13 × δ
plane, at different confidence levels. Not only is a nonzero best-fit value for δ (close to −pi/2) obtained, but the CP-
conserving scenarios δ = 0 and δ = pi are excluded at over 99% CL. The extracted values of the other oscillation
parameters, with one-sigma error estimates, are listed in Table II. They are consistent with the values in Table I and
consistent with the current values extracted from existing data, obtained assuming the three-neutrino paradigm is correct.
If nature is consistent with Table I, DUNE data will very likely be interpreted as evidence that the three-neutrino paradigm
is correct, and that CP-invariance is strongly violated in the lepton sector.
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δ
FIG. 3: Results of a fit assuming the three-neutrino paradigm to data simulated assuming CP-conserving NSI, with model param-
eters listed in Table I. All unseen parameters are marginalized. Contours shown correspond to 68.3% CL (blue), 95% CL (orange),
and 99% CL (red). Simulations utilize emcee. The star denotes the imput values of these parameters.
Parameter sin2 θ12 sin
2 θ13 sin
2 θ23 ∆m
2
12 [eV
2] ∆m213 [eV
2] δ
Measurement 0.310± 0.016 (2.20+0.12−0.09)× 10−2 0.514± 0.016 (7.52± 0.19)× 10−5 (2.50± 0.01)× 10−3 −1.21+0.24−0.29
TABLE II: Measurement of three-neutrino parameters assuming data consistent with nonzero NSI from Table I, analyzed assuming
the three-neutrino paradigm. The ranges displayed correspond to 68.3% CL. Results are consistent with expectations at DUNE
and current results in Ref. [18].
The scenario in Table I is a CP-conserving version of the three-neutrino paradigm, plus a large ee. A nonzero ee is
degenerate with the value of the Earth’s density, so a large ee can be mimicked by judiciously modifying the matter
density traversed by the neutrinos. The result above can be reinterpreted in the following way: a large – almost a factor
of two – underestimation of the Earth’s density along the path of the neutrinos will lead one to incorporate the wrong
matter effects in the data analysis and incorrectly conclude that CP-invariance is violated. Related results can be found
in the literature (e.g. Ref. [87]) in studies of the impact of uncertainties in the matter density when measuring δ.
Fig. 4 illustrates this phenomenon more quantitatively. We repeat the exercise above, for physical values of δtrue = 0
(green) and pi (purple) – the two CP-conserving cases – and different values of ee. Fig. 4 depicts the extracted value of
δ, δfit, as a function of ee, obtained under the hypothesis that the three-flavor paradigm is correct (i.e., fixing ee = 0).
For CP-conserving ee NSI, the extracted incorrect value of δ can be anything.
The ability to fake the three-neutrino paradigm with CP-invariance violation extends beyond NSI scenarios with a
nonzero ee. We find that the capability of CP-conserving NSI scenarios to mimic CP-invariance violation with no
non-standard interactions is generic. It can occur for either the normal (∆m213 > 0) or inverted (∆m
2
13 < 0) mass
hierarchy, when the true value of δ is 0 or pi (i.e. Ue3 = s13e
iδ < 0). We also find that the three-neutrino hypothesis
may prefer fake δ values large and positive (close to pi/2) or large and negative (close to −pi/2). Fig. 5 depicts, for
different scenarios, regions of CP-conserving NSI parameter space consistent with a maximal CP-invariance violating
three-neutrino hypothesis, assuming the normal mass hierarchy. Here, we define two hypotheses as consistent when χ2/
dof . 134/114 for the wrong hypothesis, or roughly, when the wrong hypothesis is ruled out at less than 1.7σ.
‡ The model contains six free parameters: θ12, θ13, θ23, ∆m212, ∆m
2
13, and δ, so the number of degrees of freedom in the fit (dof) is
120− 6 = 114.
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FIG. 4: δfit, the extracted value of δ assuming a three-neutrino hypothesis, as a function of the input value of ee, for input values
of δtrue = 0 (green) or pi (purple).
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FIG. 5: Regions of CP-conserving NSI parameter space with a physical value of δtrue that mimics a three-neutrino scenario
with δ = δfit. Three-neutrino parameters, not shown, are consistent with values from Ref. [18]. Since the NSI parameters are
CP-conserving, and therefore real, we allow all αβ to be negative, hence including both φαβ = 0, pi.
8Parameter sin2 φ12 sin
2 φ13 sin
2 φ23 sin
2 φ14 sin
2 φ24 sin
2 φ34 ∆m
2
12 [eV
2] ∆m213 [eV
2] ∆m214 [eV
2] η1 η2 η3
Value 0.540 3.84× 10−2 0.531 0.404 4.2× 10−4 0 7.50× 10−5 2.48× 10−3 3.87× 10−3 0 pi 0
TABLE III: Input parameters for the four-neutrino scenario discussed in detail in Section IV B. While sin2 φ12 is much larger than
the accepted value for sin2 θ12 ' 0.3, the matrix element Ue2 is roughly the same in both scenarios.
B. CP-Conserving Four-Neutrino Model
Table III defines a CP-conserving four-neutrino model (note all ηi, i = 1, 2, 3, are zero or pi).
§ As in Section IV A, we
simulate data consistent with this four-neutrino hypothesis and analyze them assuming the three-neutrino paradigm –
again, a fit with 114 degrees of freedom. We obtain a very good fit; χ2min/ dof ' 120/114. Fig. 6 depicts the measured
values of sin2 θ13 and δ in the sin
2 θ13 × δ plane, at different confidence levels. The best-fit value of δ is large (close to
pi/2), and δ = 0 and δ = pi are excluded at over 99% CL. While the values sin2 φ12,13,23 are not equal to the current
best-fit values of sin2 θ12,13,23, the measured ranges of the latter, listed in Table IV, are consistent with current oscillation
data. If nature is consistent with Table III, DUNE data will very likely be interpreted as evidence that the three-neutrino
paradigm is correct, and that CP-invariance is strongly violated in the lepton sector.
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FIG. 6: Results of a three-neutrino-paradigm fit to data simulated assuming a four-neutrino scenario, with parameters listed in
Table III. All unseen parameters are marginalized. Contours shown correspond to 68.3% CL (blue), 95% CL (orange), and 99%
CL (red). Simulations utilize emcee. The star denotes the input values of these parameters, where we identify sin2 θ13 = |Ue3|2 =
sin2 φ13 cos
2 φ14, cf Eq. (II.7).
Parameter sin2 θ12 sin
2 θ13 sin
2 θ23 ∆m
2
12 [eV
2] ∆m213 [eV
2] δ
Measurement 0.310± 0.016 (2.12+0.12−0.11)× 10−2 0.517+0.016−0.019 (7.52+0.19−0.20)× 10−5 (2.51± 0.01)× 10−3 1.169+0.41−0.39
TABLE IV: Measurement of three-neutrino parameters assuming data consistent with a fourth neutrino and parameters from
Table III, analyzed assuming the three-neutrino paradigm. The ranges displayed correspond to 68.3% CL. Results are consistent
with expectations at DUNE and current results in Ref. [18].
As with the NSI case in Sec. IV A, we find that there are several CP-conserving four-neutrino scenarios that mimic the
three-neutrino paradigm with large CP-invariance violation at DUNE. Fig. 7 depicts, for different scenarios, regions of CP-
conserving four-neutrino parameter space consistent with a maximal CP-invariance violating three-neutrino hypothesis,
assuming the normal mass hierarchy. Again, we define two hypothesis as consistent when χ2/ dof . 134/114 for the wrong
hypothesis, or roughly, when the wrong hypothesis is ruled out at less than 1.7σ. When it comes to inducing fake CP-
violation, four-neutrino scenarios are not as efficient as NSI scenarios. We do not find, for example, CP-conserving points
that are fit incorrectly by a three-neutrino hypothesis and δ = −pi/2 – for the normal hierarchy, a four-neutrino scenario
mimics δ ∼ pi/2 more consistently than δ ∼ −pi/2. The lack of red and gold points in Fig. 7 is a manifestation of this.
While there is a large region of parameter space consistent with δfit = pi/2, we note that a large portion of it is excluded
by past and present searches for a fourth neutrino, e.g. Daya Bay [88], Bugey [89], MINOS [90], and IceCube [91]. Next-
§ Strictly speaking, we define as CP-conserving those scenarios where there is no fundamental CP-invariance violation as far as νµ → νe
oscillations are concerned. If there is large CP-invariance violation in the tau-sector, our analyses would be insensitive to it.
9generation short-baseline searches for sterile neutrinos are also likely to make a discovery or significantly constrain parts
of the parameter space for large values of ∆m214 before DUNE is scheduled to take data, see for example, Refs. [92–94].
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FIG. 7: Regions of CP-conserving four-neutrino parameter space with a physical value of η1 = δtrue that mimics a three-neutrino
scenario with δ = δfit. Three-neutrino parameters, not shown, are consistent with values from Ref. [18]. The new matrix elements
Ue4 and Uµ4 are allowed to be positive or negative, i.e. η2 − η3 = 0 or pi.
V. DISCUSSION AND CONCLUSIONS
We have shown there is the possibility that (a) the leptonic sector is CP-conserving and (b) there are new, CP-conserving
neutrino–matter interactions or new light neutrino states, but, nonetheless, all current neutrino-oscillation data and future
DUNE data will be consistent with the standard three-massive-neutrinos paradigm and large CP-invariance violation in
the lepton sector. Figures 5 and 7 illustrate that this does not occur only for special choices of the new-physics parameters:
there are plenty of CP-conserving, new-physics scenarios that mimic the three-neutrino paradigm with large CP-invariance
violation.
Matter effects are mostly responsible for the confusion. The matter background through which neutrinos propagate
is CPT-violating and renders, even in the absence of CP-invariance violating fundamental physics effects, neutrino
oscillations different from antineutrino oscillations. This implies that one needs to model the effects of matter in order
to extract out the fundamental CP-violating effects. Hence, it is not too surprising that if one uses the wrong model
to handle matter effects, spurious CP-invariance violating effects might arise. In summary, while matter effects are
invaluable for neutrino oscillation research – they allow powerful sensitivity to the mass-hierarchy and provide unique
sensitivity to new phenomena – they are a nuisance when it comes to determining whether CP-invariance is violated in
the lepton sector.
It is easy to see that matters effects are to blame when it comes to the NSI examples discussed here. If one were to
turn off the effects of matter, all NSI effects become unobservable (given the assumptions we make here) and, of course,
there would be no fake CP-violation due to new physics. We have also investigated whether matter effects were mostly
responsible for the fake CP-violation in the four-neutrino scenarios discussed here. We did this by asking whether it is
possible to fake, at DUNE, large three-neutrino CP-violation with a CP-conserving, four-neutrino scenario assuming the
neutrinos propagate in vacuum. The answer, it turns out, is no.
This diagnosis allows one to identify how to disentangle these CP-conserving new-physics scenarios from the standard
three-neutrino paradigm with large CP-violation. Since the scenarios we picked are such that the only mis-measured
parameter, to leading order, is δ, not much help is expected from the current data, which is mostly insensitive to CP-
invariance violating effects, or from next-generation experiments sensitive to the solar parameters, like the Jiangmen
Underground Neutrino Observatory (JUNO) [95]. It turns out that, in the cases considered here, the νµ disappearance
channel does not play a significant role, so precision measurements of the νµ disappearance at different L and Eν are also
not expected to help resolve the degeneracy significantly, except, perhaps, for atmospheric neutrinos.
Experiments aimed at observing νµ → νe (and the CP-conjugated channel) with good enough precision and high
enough statistics so δ-driven CP-violating effects can be observed, on the other hand, should prove invaluable. This is
especially true when these contain L/Eν values similar to those available to DUNE but have access to very distinct values
of L and Eν . An obvious candidate is the Hyper-Kamiokande long-baseline experiment [4–6]. Other possibilities include
high-statistics, high-precision measurements of the atmospheric neutrino flux [34–36, 96, 97], like the Precision IceCube
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Next Generation Upgrade (PINGU) [98] or potential upgrades. Very recently, a study of NSI effects and high-energy,
astrophysical neutrinos also became public [99].
Figure 8 depicts Pµe as a function of L/Eν for L = 1300 km (DUNE) and L = 295 km (Hyper-K), for (left) the NSI
model in Table I and the corresponding best-fit three-neutrino model discussed in Section IV A – see Table II – and (right)
the four-neutrino model in Table III and the corresponding best-fit three-neutrino model discussed in Section IV B – see
Table IV. For DUNE, the three-neutrino and the new-physics curves agree, of course, very well, but the two hypotheses
disagree significantly – they differ by as much as 25% – for the HyperK baseline. This means that if, for example,
the scenario in Table II is realized in nature, DUNE will point to the three-neutrino paradigm and large CP-invariance
violation, while Hyper-K will point to the three-neutrino paradigm and no CP-invariance violation. The solution to this
inconsistency will be the existence of new physics effects at DUNE which manifest themselved as a nonzero ee.
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FIG. 8: Pµe as a function of L/Eν for L = 1300 km (solid, DUNE) and L = 295 km (dotted, Hyper-K), for (left) the NSI model
in Table I and the corresponding best-fit three-neutrino model in Table II and (right) the four-neutrino model in Table III and the
corresponding best-fit three-neutrino model in Table IV. The upper bounds to the Hyper-K curves correspond to lowest-energy
neutrinos produced in the experiment.
In conclusion, our understanding of neutrino properties has evolved dramatically in the last two decades. Nonetheless,
while our current understanding of the leptonic sector is robust and consistent with almost all neutrino data, there
is still plenty of room for new phenomena. Ambitious, next-generation long-baseline neutrino oscillation experiments
are required in order to non-trivially test the three-massive-neutrinos paradigm. Such tests are not only dramatically
important in their own right but are also required in order to avoid ambiguities from potentially surrounding the answers
to fundamental questions, including whether there is CP-invariance violation in the lepton sector.
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